Thromboxane A 2 (TxA 2 ) is an arachidonic acid metabolite that stimulates platelet aggregation and vasoconstriction when released from platelets and other cell types during tissue trauma. More recent research has demonstrated that TxA 2 can also stimulate vagal and spinal sensory nerves. The purpose of this study was twofold. One, we compared the expression of the TxA2 receptor (TxA2R) in neurons from two sensory ganglia: the nodose ganglion (NG) containing cell bodies of vagal afferent nerves and the thoracic dorsal root ganglion (DRG) containing cell bodies of spinal afferent nerves. Two, we determined if TxA2R co-localizes with mRNA for the nociceptive marker, TRPV1, which is the receptor for the noxious substance capsaicin. We found a greater percentage of neurons in the NG that are positive for TxA2R expression than in the DRG. We also found that there was no correlation of expression of TxA2R with TRPV1. These data suggest that while TxA2R is expressed in both vagal and spinal neurons, TxA2 may elicit stronger vagal or parasympathetic reflexes in the rabbit when released during tissue trauma depending on the location of release. Our data also indicate that TxA2 is likely to stimulate both nociceptive and non-nociceptive neurons thereby broadening the types of neurons and reflexes that it may excite.
Introduction
Thromboxane A 2 (TxA2) is a highly labile metabolite of arachidonic acid that stimulates contraction of smooth muscle (e.g., vasoconstriction, bronchoconstriction) and aggregation of blood platelets. As research into TxA2 progresses, the physiological actions of TxA2 have been found to be broader than previously thought including stimulation of excitable cells such as neurons and cardiac myocytes. In studies with the anesthetized rabbit, our laboratory reported that TxA2 could induce arrhythmias likely via a direct action on the heart and could excite isolated adult cardiac myocytes [21] . There is also considerable evidence that TxA2 can stimulate both vagal and spinal afferent nerve fibers. Our laboratory, as well as others, have reported that TxA2 stimulates vagal sensory nerves from the lung [11, 16, 18] as well as the heart [19, 22] . In addition we have shown that TxA2 stimulates spinal sensory nerves (group III and IV) from the hindlimb [13] while Fu et al. has shown that TxA2 stimulates spinal afferent nerves innervating the heart [5, 7] . Since TxA2 is released from platelets and other cell types during tissue trauma or events that activate platelets, the stimulation of sensory nerves by TxA2 could play an important role in activation of reflexes during hemorrhage, inflammation, ischemia, tissue injury, or trauma.
The mechanism by which TxA2 stimulates sensory nerves is not completely understood; however, TxA2 has been shown to directly stimulate neurons via its membrane bound receptor, TxA2R. Inhibition of TxA2R with various pharmacological antagonists have inhibited TxA2-induced neural stimulation using in vivo experiments of peripheral nerve recordings as well as using in vitro experiments with cultured neurons [1, 5, 21] . While the exact intracellular signaling mechanism for TxA2 excitation is not yet known, the mechanism likely involves calcium. Andoh et al. [1] demonstrated that the TxA2R agonist, U46619, induces calcium increases in cultured DRG neurons from the mouse. This is not surprising as we have also observed increases in intracellular calcium in isolated cardiac myocytes following application of U46619 [21] . TxA2R is well known to be linked to the Gq pathway in which there is activation of protein kinase C (PKC) as well as formation of inositol trisphosphate (IP3) and subsequent release of intracellular calcium from IP3 receptors located on the sarcoplasmic reticulum. Interestingly, in our study of cardiac myocytes, we demonstrated an inhibition of the U46619-induced calcium increase by inhibitors of the IP3 pathway [21] while Fu et al. [7] have shown a decrease in TxA2 activation of cardiac nerves after inhibition of PKC.
While the intracellular mechanisms are being investigated, there are still questions about the presence and distribution of TxA2R in neuronal populations. Using single cell RT-PCR techniques, we previously reported that a subpopulation of the sensory cells that were sampled from overnight cultures of NG of the rabbit contained measureable levels of TxA2R mRNA [23] and two other studies have presented immunohistochemistry data for TxA2R in dorsal root ganglion (DRG) neurons [1, 7] . Nevertheless, important questions remain concerning this subpopulation of cells that expressed TxA2R. For example, the relative abundance of TxA2R expression in the NG versus DRG may provide insights into the relative importance of TxA2 in stimulating somatic versus visceral afferents and activation of parasympathetic vs. sympathetic reflexes. It is also unknown whether the expression of TxA2R is restricted to a particular type of afferent neuron (e.g., nociceptive) or is more broadly expressed in a wide variety of sensory neurons. In this study, by measuring TxA2R expression in NG, DRG, and co-expression with the nociceptive marker, TRPV1, we can begin to narrow down the types of neurons stimulated and subsequent potential reflexes activated by TxA2 when it is released during tissue trauma.
Methods

Culturing of cells from sensory ganglia
Adult male rabbits (n = 56) were anesthetized and subsequently euthanized for harvesting of NG and DRG. In order to avoid possible variability between gender only male rabbits were used in these experiments. All procedures involving the use of animals in this investigation were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC # 42-02). Standard dissecting procedures were used to harvest DRG (from the thoracic region of the spinal cord) and NG. The ganglia were placed in Dulbecco's Modified Eagle's Medium (DMEM) with L-glutamine, penicillin streptomycin, and serum as previously described [23] . The DRG and NG were then treated for 2 hr with collagenase I (Worthington) and then 20 min with trypsin (Invitrogen). The cells were resuspended in 2 ml DMEM, placed on plates precoated with poly-L-lysine and laminin (Sigma), and cultured overnight (approximately 15-20 hours) at 36.5° C in a humidified atmosphere of 95% air and 5% CO 2 .
Single cell RT-PCR
Glass micropipettes (interior tip diameter approximately 50 -70 μm) were mounted into a micromanipulator (model MM-3 3D-course, 1D-fine, Narishige International) and attached to rubber tubing that was in turn attached to a 1 ml syringe with a 3-way stopcock. Cultures were washed and covered with fresh DMEM. Using an inverted microscope (model CK, Olympus), individual cells were withdrawn into the micropipette with a minimal amount of surrounding media using gentle suction. Cells that were withdrawn into the pipette from the culture dish were selected based on a morphology that we have found to be characteristic of neurons (20-60 μm, round shape and smooth exterior surface). The cells were immediately expelled from the pipette into a PCR tube containing RT-PCR reaction buffer (One-Step SuperScript III RT-PCR kit, Invitrogen), RNaseOUT ribonuclease inhibitor (Invitrogen), and primer sets for neurofilament medium (NFM) (0.15 μM), TRPV1 (0.2 μM) and TxA2R (0.3 μM) in a total volume of 25 μl. Sequences of the primers for NFM and TxA2R have been previously published [23] . The TRPV1 primer sequences for the first round were: Forward: CTCCTGCTCAACATGCTCATCG Reverse: GCGGCCACAGAGTCCTTGAA. New micropipettes were used for each cell. As a control procedure, media from the region where the extracted cell was located in the culture dish was withdrawn into a fresh micropipette and added to a reaction tube. Additionally, controls in which no media or cells were placed in the buffer (no-template controls) and controls in which the RT enzyme was replaced with Taq DNA polymerase (Taq-only controls) were also prepared. The mixture containing either cells or medium were placed into the 96 well thermocycler (PTC -200, MJ Research) and run at the following conditions: 60º C for 20 min (RT step), 95º C for 2 min, and then 40 amplification cycles of 95º C for 40 s, 56º C for 30 s, and 72º C for 40 s. After the reaction was complete, 1 μl from the RT-PCR reaction was placed in three separate PCR tubes and a second round of PCR carried out separately for each of the three genes using Platinum Taq PCR Supermix (Invitrogen). A nested approach was employed for amplification of TxA2R, NFM, and TRPV1 gene transcripts that were expected to yield 229 bp, 496 bp and 411 bp products respectively. Primer sequences for the second round have been published for NFM and TxA2R [23] with the exception that a new nested reverse primer for NFM was used with the sequence: CCTCTGCAATGGCTGTCAGT. Primer sequences for TRPV1 in the second round were: Forward: CATGGGCGAGACGGTCAACA; Reverse: ACAAAGGGCCTCAGGTGGAC. The second round of PCR had the following conditions: 95º C for 2 min followed by 25 amplification cycles, each of 95º C for 40 s, 56º C for 30 s, and 72º C for 40 s. PCR products (6 μl) from the second round of amplification were separated on an agarose gel to determine the presence or absence of a band of appropriate size. A flow chart of these procedures is summarized in Figure 1 .
Verification of the PCR products from the second round was accomplished by digesting the products (6 μl) with restriction enzymes for 2 hours at 37º C followed by separation of PCR products with gel electrophoresis. Verification of TxA2R and NFM products have been previously reported [23] while the TRPV1 product from the second round of PCR was verified by digestion with NlaIII with visualization of PCR products carried out by gel electrophoresis on 3-4% agarose gels.
Chi-square analysis was used to determine if the number of TxA2R+ and TRPV1+ cells were different between NG and DRG and if there was an association of TxA2R expression with TRPV1 expression. Chi-Square analysis was conducted in a classical manner in which observed frequencies were compared against a calculated expected frequency. Here the expected frequency is what is obtained if the percentage of TXA2R+ cells does not differ between two populations of cells. In other words, the null hypothesis is that TxA2R expression is not different between NG and DRG or that TxA2R expression is not different between TRPV1+ and TRPV1-cells. P values < 0.05 were considered significant.
Results
Single cell RT-PCR products
An agarose gel image displaying PCR products from the second round of RT-PCR for an individual cell from the DRG that contained transcripts for all three genes is presented in Fig  1. Note that no PCR products were detected in samples of only media indicating that the detection of gene transcripts originated from the cell and not the accompanying media.
A total of 322 cells were extracted from 24 cultures of NG ganglia while 377 cells were sampled from 32 cultures of DRG. The frequency of cells that contained TxA2R transcripts was greater for neurons cultured from the NG (18.0% of the total number of neurons) compared to neurons from the DRG (12.2% of the total number of cells) (P=0.03). Conversely, the frequency of cells containing the TRPV1 gene transcript was detected with greater frequency in neurons from the DRG (83%) compared to the NG (74%) (P=0.002, Fig. 2A ).
The presence of TxA2R mRNA in neurons from the NG or DRG that also contained TRPV1 transcripts is presented in Fig. 2B . In the NG, there were 45 TxA2R+ neurons in a total of 237 TRPV1+ neurons (19.0%) and there were 13 TxA2R+ neurons in a total of 85 TRPV1-neurons (15.3%). In the DRG, there were 42 TxA2R+ neurons in a total of 314 TRPV1+ neurons (13.4%) and 4 TxA2R+ in a total of 63 TRPV1-neurons (6.4%). As noted in Fig.  2B , a Chi-square analysis revealed no association of mRNA for TxA2R and mRNA for TRPV1 within cells from either the NG (P=0.45) or DRG (P=0.12).
Discussion
Differences in the expression of mRNA for TxA2R within NG and DRG To our knowledge, the present study is the first to measure and compare the expression of TxA2R mRNA in individual neurons cultured from both the DRG and NG. First, the identification and presence of TxA2R transcripts in both the NG and DRG is not surprising. We have previously reported the presence of TxA2R mRNA in cells cultured from the NG [23] , and two other groups have detected TxA2R in DRG using immunohistochemistry [1, 7] . There is also functional data from a number of studies from our lab and others which show that TxA2 stimulates vagal sensory nerves from the heart and lung [3, 11, 16, 19, 22] and spinal afferents from the heart and hindlimb [6] [7] [8] 13 ]. Since the cell bodies for vagal afferents are located in the NG and the cell bodies for spinal afferents are located in the DRG, the presence of TxA2R gene transcripts in DRG and NG provide further evidence for the sensitivity of cardiac vagal and spinal afferents to TxA2.
Given all of these findings, the question becomes is TxA2 expressed in one sensory pathway over another, potentially signaling a dominance of excitation of parasympathetic (via the vagus) or sympathetic reflexes (via spinal nerves). In this study, we have found a greater expression of TxA2R in NG than thoracic DRG, which suggests that TxA2 may stimulate parasympathetic reflexes over sympathetic reflexes depending on innervation of the organ or region. This idea is supported by several studies. In previous work in the cat, injections of U46619 into the inferior vena cava induced pulmonary vagal (parasympathetic) reflexes that included rapid shallow breathing [18] . Similarly, Pickar noted that intravenous injections of U46619 inhibited a somatic motor reflex via stimulation of vagal afferent nerves [16] . As far as cardiovascular reflexes, our previous experiments with rabbits demonstrated that cardiac injections of the TxA2 mimetic, U46619, elicited a predominately vagal (parasympathetic) response (transient bradycardia and arterial hypotension) as opposed to a sympathetic response (increased blood pressure and heart rate) [22] . There are also reports that a reflex hypotension and bradycardia are commonly observed during coronary ischemia especially when the ischemia occurs on the inferior posterior part of the heart [10, 17, 20, 24, 25] . It is possible that TxA2 is one substance that may mediate these vagal/parasympathetic reflexes during myocardial ischemia.
In contrast, Longhurst's laboratory has found that TxA2 stimulates sympathetic afferents during cardiac ischemia [5, 7] and have observed sympathoexcitatory reflexes mediated by TxA2 during myocardial ischemia [7] . It should be noted, however, that in this study the animals underwent a bilateral cervical vagotomy prior to experimentation so that no vagal reflexes were present. Nevertheless, this study still highlights the possibility that TxA2 may be able to stimulate different autonomic reflexes depending on the type of trauma, location of trauma, species differences, type of anesthesia, or other factors. While the exact efferent responses elicited by TxA2 in various types of trauma is yet to be fully elucidated, the finding that a higher number of cells within the NG contain mRNA for TxA2R when compared to thoracic DRG cells is a novel finding that may suggest a higher sensitivity of vagal afferents to TxA2 in comparison to thoracic spinal afferents.
Lack of co-localization of TxA2R and TRPV1 in sensory neurons
A second objective of these studies was to determine if gene transcripts for these two receptors were co-localized, i.e., was mRNA for TxA2R more likely to be present in nociceptive neurons. A rationale for the prevalence of TxA2R expression in nociceptive fibers arises from the fact that TxA2 is released during tissue trauma, cyclooxygenase inhibitors are analgesic, and U46619 can stimulate nociceptive neurons [6, [11] [12] [13] 22] .
We used TRPV1 (capsaicin receptor) as a marker of nociceptive neurons since it is well accepted that capsaicin stimulates nociceptive neurons. We found that TRPV1 transcripts were more frequently contained in DRG cells (83% of the DRG neurons contained mRNA for TRPV1) compared to sensory neurons cultured from the NG (74% of the NG neurons contained the TRPV1 transcript). Although we are not aware of direct comparisons between NG and DRG with regards to either capsaicin sensitivity or the presence of TRPV1 mRNA, previous reports do support the high frequency of cells expressing TRPV1 receptors in these two sensory ganglia. Bielefeldt et al. reported that 80% of NG neurons contain mRNA for the capsaicin receptor [2] . Chung et al. reported that 60% of the cells cultured from the NG of the rat responded to capsaicin [4] . Lastly, Helliwell et al. reported that 80% of the DRG cells responded to capsaicin [9] . If one assumes that unmyelinated afferent fibers are nociceptive in function, these cellular data also agree with histological examinations of the vagus, where it has been reported that greater than 80% of the vagal afferent fibers are unmyelinated [15] . The higher prevalence of capsaicin sensitive afferents in spinal (somatic or sympathetic) afferent fibers (DRG) versus visceral afferents that travel in the vagus (NG) may suggest greater sensitivity of these spinal afferent nerves to nociceptive agents.
Data from this study provide evidence that TxA2R is as likely to occur in neurons that are TRPV1-(TRPV1 mRNA was below detectable limits) as neurons that were TRPV1+ (detectable levels of TRPV1 mRNA were present). The presence of TxA2R in TRPV1+ cells is supported by past studies in which vagal or spinal afferent nerves responded positively to capsaicin or phenylbiguanide also responded positively to TxA2 mimetics [6, 11, 22] . The presence of TxA2R in TRPV1-cells is also not unexpected given a previous report from our laboratory demonstrating that U46619 can stimulate myelinated nerves from the lung that likely innervate rapidly adapting stretch receptors in the airways [3] . The presence of TxA2R within non-nociceptive broadens the potential stimulation of sensory nerves by TxA2. For example, inflammation of joints, tendons, and other somatic tissues that is accompanied by the release of TxA2 could lead to stimulation of proprioceptor sensory nerves from these organs.
NFM transcripts as a marker for neurons and TRPV1 as a nociceptive marker
We only included data from cells that contained transcripts for NFM thereby ensuring measurement of TxA2R and TRPV1 gene transcripts within sensory neurons as opposed to other cell types such as glial cells. It is well known that neurofilaments are comprised of three neurofilament proteins: light (NFL), medium (NFM) and heavy (NFH). The density of neurofilament proteins does vary with the type of neuron [14] , however, all subunits are expressed to some degree in all neurons and therefore the presence of NFM provides strong evidence that the cell is a neuron. As stated above, we have used TRPV1 as a marker for nociceptive neurons. We do recognize that it is possible that there may be nociceptive neurons that do not express TRPV1. Nevertheless, we feel that the number of nociceptive neurons that we are not accounting for is small considering the large percentage of TRPV1+ neurons within both ganglia in our study.
mRNA versus protein
Our conclusions are also based on the presence or absence of gene transcripts within these individual neurons. Although we recognize that mRNA does not always translate into protein, we feel confident that TxA2 transcripts are transcribed into functional protein in these neurons. There are many findings from the nerve stimulation studies [7, 8, 19, 22] as well as in vitro DRG cells [1] that TxA2 mimetics directly stimulate neurons via a TxA2R receptor dependent manner. For our particular studies we were interested in characterizing neurons as being TxA2R positive or negative as accurately as possible. We feel that the single cell RT-PCR method we have chosen was the best approach for this study. In our experience commercially available antibodies for TxA2R have resulted in non-specific binding based on Western blotting which may have made the use of protein analysis such as flow cytometry or immunolocalization of neurons inaccurate for this type of single cell analysis. Any potential non-specific binding could have altered our correlations or interpretation of data.
Conclusion and Significance
In conclusion, these experiments provide novel data on the presence of TxA2R and TRPV1 mRNA in sensory neurons cultured from the NG and thoracic DRG of the rabbit. Our data provide additional support for the stimulation of sensory nerves by TxA2 including stimulation of both vagal and spinal afferent nerves. The magnitude of this stimulation may differ, however, between vagal and spinal afferents since we have found TxA2R expression differs between NG and DRG. Lastly, since we have found that the expression of TxA2R is not restricted to TRPV1 containing nociceptive cells, TxA2 stimulation may extend to other afferent nerves innervating a variety of sensory organs such as mechanoreceptors thereby allowing activation of a broad spectrum of reflex responses.
Our experiments provide additional evidence that the understanding of protective reflexes such as vagal reflexes that slow heart rate and airway reflexes that limit distribution of noxious agents to gas exchange regions of the lung through rapid, shallow breathing must include TxA2 within the spectrum of agents that activate these reflexes. These findings may also hold significance for the use of cyclooxygenase inhibitors and TxA2R antagonists. General use of these inhibitors may alter reflexes that may be protective to the heart, lung, and other organs and needs to be considered in dosing aspirin and the more recent COX-2 inhibitors.
Highlights
• TXA2 is an inflammatory mediator that can stimulate neuronal reflexes
• TXA2 receptors are expressed more in nodose than dorsal root ganglion neurons
• TXA2 does not always localize with the nociceptive marker TRPV1 Single cells or media-only controls from NG and DRG cultures were isolated and placed directly in RT-PCR buffer which contained primer sets for NFM, TxA2R (TP), and TRPV1. After RT-PCR, 1 μl of sample was taken for a second round of PCR and placed in tubes which separately contained nested primers for each specific gene of interest. The PCR products were visualized by gel electrophoresis.
Fig. 2. Difference in expression of TxA2R+ and TRPV1+ neurons between NG and DRG
Panel A: Chi-square analysis revealed that there was a significantly higher number of neurons containing mRNA for TxA2R in NG (n=322) than DRG (n=377) (Chi-square=4.63, DF=1; P= 0.03) and a significantly higher number of TRPV1+ neurons in DRG than NG (Chi-square= 9.76, DF=1; P=0.002). Panel B: Expression of TxA2R mRNA in TRPV1 mRNA containing neurons (TRPV1+, n=237 for NG and n=314 for DRG) vs. TRPV1-neurons (n=85 for NG and n= 63 for DRG). Chi-square analysis revealed no statistical difference between TxA2R mRNA expression in TRPV1+ or -neurons from the NG (Chi Square= 0.58, DF=1; P=0.44) or DRG (Chi-square= 2.42, DF=1; P=0.12).
